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FOREORD
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EFFECTS OF SEA WATER ON CONCRETE*

by

Bryant Mather**

Synopsis

Concrete exposed to sea water is wetted by a solution of salts--

principally sodium chloride and magnesium sulfate. Damage to concrete, if

it occurs, usually results from failure to use good practices in concrete

construction, and often is the result of freezing and thawing or wetting

and drying as much as or more than the results of the effects of sea water

as such. Magnesium sulfate may attack most, if not all, of the constitu-

ents of hardened portland cement paste, especially the aluminate constitu-

ent; chlorides may promote corrosion of steel; and alkalies may participate

* Prepared for inclusion in Symposium on Effects of Aggressive Fluids on

Concrete sponsored by Committee MC-B2 on Performance of Concrete--
Chemical Aspects, at 44th Annual Meeting, Highway Research Board,
January 1965; presentation and publication approved by the Chief of
Engineers, U. S. Army, Washington, D. C., 28 October 1964.

** Supervisory Research Civil Engineer, Chief, Engineering Sciences Branch,
Concrete Division, 'U. S. Army Engineer Waterways Experiment Station, CE,
Jackson, Mississippi.
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in alkali-aggregate reaction.i Thus, concrete exposed to sea water should

be made with cement of controlled aluminate content and with nonreactive

aggregate; embedded steel should be well covered by concrete of low perme-

ability; and good construction practices should be followed.

Introduction

Concrete has been employed in construction exposed to the action of

sea water for as long as concrete has been used. ExampleE of concrete used

by the Romans 2000 years ago in structures exposed to sea water on the

shores of the Mediterranean Sea are still intact. When concrete is to be

employed under conditions in which it will be exposed to the effects of sea

water, cognizance should be taken of these effects and appropriate precau-

tions taken. However, generalLy, these precautions are not drastic, and

do not involve the selection and use of unusual materials or procedures nor

cause any significant increase in cost of production.
12

The effects of sea water on concrete may conveniently be examined by

considering, first, the factors characteristic of the sea-water exposure

that can affect concrete; second, the elements of the specific concrete in-

volved that may be affected by these factors; third, the consequences of

the interaction of sea vater with the concrete; and, finally, the precau-

tions that should be taken to avoid undesirable performance of the concrete

due to its interaction with sea water.

Raised numerals refer to similarly numbered itms in list of references
at end of this paper.
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Pertinent Factors in a Sea-Water Exposure

Concrete exposed to sea water will be subjected to wetting by an

aqueous solution containing principally dissolved sodium chloride and mag-

nesium sulfate. The oceans contain on the average about 35 parts per 4

thousand (3.5 percent) of dissolved salts. The major cations, Ca 
+ +, Mg+ +

Na+, and K+, exist in sea water largely as uncomplexed species. The major

anions include C1-, which is also not strongly complexed, and CO3 2, HC03-,

and S04 , which are. Expressed as milligrams per liter of sea water, the

principal elements present in solution are: chlorine, 19,000; sodium,

10,600; magnesium, 1300; sulfur, 900; calcium, 400; and potassium, 380.

All other elements are probably present, but no others make up more than

65 milligrams per liter. The six elements mentioned make up 99 percent of

the dissolved salts in sea water. Although the concentration of dissolved

solids has been found to vary from place to place, the ratio of any one of

the major constituents to the total dissolved solids is nearly constant

2
everywhere. The foregoing information, taken from a recent report, can be

compared with the following analysis of a specific sample reported by

Forrest and Worthley.
4

Analysis of Sea Water from St. Vincent Gulf, South Australia
Specific Gravity of Sea Water (25 C) = 1.03

Concentration Concentration
Ion (g/l00 ml) Ion (g/l00 ml)

Na +  1.22 Cl 2.19

Mg2 +  o.145 so2- 0.32

Ca2 +  0.056 HCO 3  0.014

K 0.044 Br" 0.008
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Thus, the factors inherent in sea-water exposure that should be con-

sidered for their effects on concrete are: wetting and drying, chemical

reaction of chlorides, sulfates, and alkalies (sodium and potassium), and

in some instances, dissolved car bon dioxide.

The elements of concrete that may be affected by wetting or by chemi-

cal reaction with chlorides, sulfates, or alkalies include the cement, the

aggregates, and reinforcing steel or other metal, if present.

Effects of Continuous Immersion of Concrete in Sea Water

Concrete that is totally and continuously immersed in water, even if

the water contains dissolved salts such as are found in sea water, generally

may be regarded as being in a protected exposure. Continuous immersion

usually provides a uniformity of environment with respect to temperature

and moisture content that prevents the immersed concrete from being sub-

jected to such deteriorating influences as frost action, volume change due

to wetting and drying, and differential volume change due to moisture con-

tent cifferences between the surface and the interior. Continuous immer-

sion also tends to reduce the potential for chemical reaction by removing

changes in degree of saturation as a mechanism for the flow into and out

of the concrete of solutions containing ions that are capable of attacking'

constituents of the concrete, and leaving only concentration gradients as

the means of ingress of such ions. Locher and Pistersl1 note that, unier

equal conditions of exposure, the aggressiveness of water increases with

increasing concentration of the relevant substances, but that agrc LtiwL-

ness is also increased by higher temperatures, higher pressures, wetting

and drying, or me-hanical abrasion by fast-flowing or turbulent waters.

i 
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Effects of Intermittent Immersion of Concrete in Sea Water

Most concrete structures exposed to sea water are partially or wholly

situated so that they are sometimes immersed in sea water and sometimes

exposed to the air. If the structure is located where the temperatures

fall below freezing, then the concrete that is exposed to the air with

falling tide is probably subjected to as severe frost action as is any con-

crete in natural exposure. The realization that concrete exposed in the

tidal zone in a region of low winter temperatures would be subjected to

very severe frost action resulted in the selection of the mean-tide eleva-

tion at Treat Island, Cobscook Bay, Maine, as the locatiun fcxr the U. S.

Army Corps of Engineers severe natural weathering station. This location

has been used since 1936 by the Corps of Engineers to develop information
8

rapidly on the relative resistance of concretes to frost action. Since

effects of frost action on concrete are not within the scope of this

symposium, this subject will not be developed further here.

The second important effect on concrete related to wetting and drying

is the volume change relations due to changes in, or changes in uniformity

of, moisture content. Thcse phciioi na, often refecrred to as "drying

shrinkage" effects, are also not within the scope of this symposium, and

hence will not be discussed further here.

In localities such as Treat Island, Maine, the mean temperature of'

the sea water is low and chemical reactions take place relatively slowly.

Concretes that are relatively deficient in re:-i-tance to frcst action

seldom survive long enough to manifest any readily ob::ervable effect.,-

of chemical attack; hence, it can be argued thal there is a general
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tendency for the severity of chemical attack to be reduced when that of

8
physical attack increases, and vice versa.

Chemical Attack of Sea Water on Concrete

The potentially aggressive constituents of seat water with respect to

''.n'r" teare the sulfate, chloride, carbonate, bicarbonate, alkali metal,

afnd maimesium ions. The aggressive action of the sulfate ion on concrete

is 1, ing discussed by other contributors to this symposium.* However,

sine-e, in sea water, the sulfate component is magnesium sulfate rather than

sodium or calcium sulfate, as is more often the case in sulfate-attack

situations not involving sea water, the various chemical reactions of mr-

n,sium sulfate with several of the constituents of' hydrate] portlnr cement

-re noted subsequently. These comments are based on the discussion by

F. M,. Lea9 who pointed out that, initiaLly, magnesium sulfate has a similar

arction to that of other sulfates in attacking, f'%](-iuin Auminrt,,:, hylr-t,.,

but that later it can inruce n signifi(.antly diffr'nt anl more fa-r-.

riching, effect because of its ability--as distinuished from othr sa]-

itt's--to attack tnd decompose the c,,l .iim silic.olt., hy, r-tfir. This r,-.I on

(,quation 6) proceeds to completion due to the lo, solubility oW magncic

hyroxiVi,.

Magn-sium sulfate

Mairnesitm sulfate initi-lly reats with h'i.m al a y-milat hy .

to form (-tl ,ium .luminum sul fat- hydra t, ( ettrinIit-), mhn:'iar y I: j.a

n luminum hydroxile:

W. C. Hansen, "Attack on Portl]iand C,.mcnt Con, r-1, : Y Al k ii So] 1.: .'i
W'!t."rs: A Critical Rrvi,'w."
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2(3Cao.Al2o3. 1 2o) 3(MgSO4.7H20) -

calcium aluminate magnesium
hydrate sulfate

3Ca0.A1 2OB.3CaSO4.31H20 + 2Al(OH) 3 + 3Mg(OH)2 + 8H120 (1)

calcium aluminum sulfate aluminum magnesium
hydrate (ettringite) hydroxide hydroxide

Magnesium sulfate also reacts with calcium hydroxide to form calcium

sulfate, which, in turn, reacts with calcium aluminate hydrate to form

additional calcium aluminum sulfate hydrate (ettringite):

Ca(OH)2 + MgSO4.7H20 -4 CaS04'2H20 + Mg(OH)2 + 5H20 (2)

calcium magnesium calcium sul- magnesium
hydroxide sulfate fate (gypsum) hydroxide

3CaO.A203 .12H20 + 3(CaSO 4.2H 20) + 13H20 -4 3CaO-Al203.3CaSO4"31H20 (3)

calcium aluminate calcium sulfate calcium aluminum sulfate
hydrate (gypsum) hydrate (ettringite)

Magnesium sulfate also can react with calcium silicate hydrate to

form calcium sulfate, magnesium hydroxide, and silica gel.

3CaO.2SiO2 .nH 2 0 + MgSO 4 .7H 2 0 - CaSOI. 2 H2 0 + (lH) + SiO 2 0 (nH)

calcium silicnte magnesium calcium sul- magnesium silica
hydrate sulfate fate (gypsum) hydroxide gel

The calcium -uifate formed in equation 14 m-iy then renct with ci Ic iim

aluminate hydrate according to equation 3.

Finally, the magnesium hydroxide formed in th- re-ictions inli.-t11.i by

,ither equations I or 4 can ronct with silica g1, , i: producrd by 1',I, r-

action indicnted in equrition b or otherwise, to Conmn ,I m',grecium zJ]i i,

hydr at(e.
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4Mg(OH)2 + Si02.nH20 -,4MgO.SiO2 .8.5H20 + n-4.5H20 (5)

magnesium silica magresium silicate
hydroxide gel hydrate

A soft white material having the approximate composition

414gO.SiO 2 .8.5H20 was found by Cole
3 in a deteriorated concrete seawall.

Carbonate and bicarbonate

The carbonate and bicarbonate ions may participate in the reaction of

carbonation of calcium ion or calcium hydroxide formed during hydration of
16

cement. In a discussicn of deterioration of concrete in the shipways at

Newport News, Virginia, in 1948, Mrs. Terzaghi conc-luded that two pro('-sss

were at work, one involving sulfate attack that caused internal expansion

d cracking, "md the other involving carbon dioxide dissolved in the, .'er

as carbonic acid that caused local softening and disintegration. The water

samples taken from relief wel's in these shipways were regarded as .ontain-

ing from 30 to 60 percent sea water, based on chloride content, and had

free CO2 contents of 7 to 99 mg per liter, the highest CO2 content being

in the sample of lowest sea-water content which had 57 mg per lit-r of'

aggressive CO2 and a pH of 6.9.

Alkalies

The alkali metal ions may participate in any of s-vor.rl rcu tionn

with reactivw silica or reactive e-arbonqte connIi~ umtn of th- ,grit.

Ltanton1 5 in 1937 list-d aLmong structures adversly ',f':-'ted by "ik'ili-

silic"t reaction sections of seawalls in Venturo, ',nd 't' Barbar,, Coiui ,r

in California. Recently it wa s :sugest ,I that -xp rinsIra of -'n r-t.

c,,rtain Iry locks in New York had rni tel from ii ' , Ii ]-,-rbona t r,

tion. The 'vil I ab, c dat!, howovr, indi-a t,. th(I t t h r t it, li ,
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structures are natural siliceous sand and gravel. Hence, so far as is

kown, there have as yet been no documented cases of alkali-carbonate reac-

tion which have caused deterioration of concrete structures exposed to sea

wter. Kennedy and Mather8 found that in concret containing a crushed

limestone aggregate that had been exposed to sea water at Treat Island.

,_,in,-, there wis -vidence of the formation of reaction rims on certain

limestone coarse-aggregate particles. The p'rti'uir limestone studied by

them contained about 4 percent of a montmorillonitic c2lay which undergoes

greater swelling when wetted with a solution containing sodium ion than

.hen sodium ion is not present. They showed that this material, procescei

as manufactured fine aggregate, exhibited two to three times as much in-

creasn in volume when immersed in sea water as when immersed in fresh water

or in a saturated solution of calcium hydroxide.

Chlorides

The chloride ion may participate either in chemical reaction: siri :Ir

to those involving the sulfate ion--so as to yield suc.h products I- '.-

aJuminates thnit -.rc analogous to sulfoalumin.tec--or in the r.lion: ,-

voiving the corrosion of reinforcing or other emb, Iii metal. In this

I-tter connection Halsteci and Woodworth 6 reported th'it reinforc,d ,,on -r-' t,

struictures exposed under -o'tstal conditions (within 10 mi cc"of th. r-,'

,'east) in South Afri. I V, 11n c.,ome ' -::,,s own 1 -, ri or ,fion I .v. - - o

W , br'eii 1 1,-l by *'i...tr '-' ni,'al 'urro ion ')I' 'L,, .!, .4. It 1.1 11.; '1.4'-

cion of' ii .Jr v or it wj;; not .,i th !Y, II i, South; k1'r '" Linw':y .A inn " " -

ion 1,1 4aut .I t 1. a' i'y of' using r',infor,.1 -.' t .tci .ii'

' . . 'i ,, n ,' i Att fp . I , ,:- i :,i r,i " r ! >' '( r" .
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of reinforcing steel. The performance of such structures '.s gener: .iy

been good, and such deterioration as has occurred i believe|i . 2ti

insufficient concrete cover over reinforcing steel that permitt-L .r

to occur.

The role of chlorides in sea water in chemical intera(ction .it".

crete is twofold. Chlorides act independently to do those things th-tI

chlorides are capable of doing, and they also tend to retard or inhibit ,

action of sulfates. The presence of chlorides, as in sea wnter, retarqx or

inhibits the expansion of concrete by sulfate solutions, though not the

degrcc of reaction. Lea9 cited the work of Batta, who attributed thir

effect to the greater solubility of gypsum and calcium aluminum sulfate in

:hloride solutions, and it is the reason why failure arising from chemical

attack by sem water is not preceded by swelling to the same degree as in

so- itions of sodium or magnesium sulfate.

Griffin and Henry 5 studied, separately, the effects of sodium chio-

ride and sea-water srlts in concrete. Their purpos,, was to i-t-xminr , th

*ffT*et of sea-salt spray on concrete -ind the pr'rmiccibl ' amounts of it n

onlcrte wh, n it is mixed. They found the optimum s,]ilinity of mxin;: t r-

1or maximum oompressive strength to be from i' to %3 1i k whn sodiunm -ho-

111 XI ', usod, and up to '6 g/kg when ze', s-tt wri uz-t. Th11y -l1o 'oun!

'1t-A, whn sodium ohlorid e was used, th rate, ()r mol]'tur, mi rri~n throiih

.on.r-te from a region el higher to one of lo.r ..itiv, humiit. i.-

'ri s,.d with incr, asing salinity of mixinmr w',tr ,. :',in ty W' al

' 4/kg*,, a.nd thn remaii.ei[ r,.iativ,-ly eonrt!,n with furtth,0' .r : in

solinit:,. When -;ea salt w'rs usd, th, r-t,, of moi stur, mi4'r.,tion .: -

..r ,s..d with in(,r-ase in s'Linity, but. I.y ,,, ,ff ", 1 ' Ioul /



Bryant Mather ii

They concluded that some salt may be beneficial to concrete in some

respects. With a mixing water salinity of about 25 g/kg the strength was

improved, the rate of moisture movement was reduced, and corrosion of mild

steel in the low-strength concrete used in their investigation was negli-

gible. With sodium chloride, the maximum corrosion of' mill steel appeared!

to take place at a salinity of about 70 g/kg. It should perhaps be em-

phasized that Griffin and Henry were studying the "permi6ibi2 amoiunts of

salt" that could be tolerated; it is not, I believe, their intent to su.;-

gest that one would deliberately add salt to reinforced concrete if it

could readily be avoided.

Work done in connection with studies of the action of chloride salts

used to remove ice from concrete pavements, insofar as it concerns the Ef-

fect of chloride ion, may be considered relevant to the action of sea water.

Hartmann7 has noted that the reaction of sodium chloride solutions with

tricalcium aluminate or tricalcium alumxinate hydrates is to produce eith,.,r

or both the calcium chloraluminate hydrates 3CaO.A1 2 03 .CaC1 2.CI.H 2 0 or

3CaO.A1 2 0 3.CaCl2.18H 20. However, she concluded that, while .: chemi:'l

effect of chloride deicing salts on concrete was a possible 'aiuse of

lamagc, it did not seem to be a probable cause.

Factors Affecting Resistance of Concreto to Chemicil Attiok

Rcsults of' experiments in which mortir n "rt onorot' , :, ,i: L'v

h'een .xpos,d to .. a watr -ire in grn,-ral ar,,m,r-nt 1-!' '.1:,. - : .1,: .-.-- .-

to t.h' . -xt.nt thtt hydrmtel C., 1 eiu) al umini.. I1 v! mi. . . .II-t-..'.'.

t.o tho su Iftes in the ,. t- r. The mor- p. rr ,- I]1 11, .,n r

h ith,,r the C, A cont,'nt of th, e-m-nt , the co,)n r ..' i ,vid n T ::I,
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attack be manifested and the greater will be the degree of attack.

The use of pozzolans in concrete to be exposed to sea water has long

been advocated because of observations that their use increases the resist-

ance of the concrete to chemical attack of the sea water. Lea9 reviewed

the various explanations that have been offered for this effect, and eon-

cluded that many or all of them sound reasonable. However, hc also con-

cluded that no one of them by itself provides an adequate explanation, ana

that all of them taken together fail to give the complete story. The ex-

planations include: (1) reduction in amount of free calcium hydroxid, by

reaction with pozzolan, thus reducing the degree to which the reaction of

sulfates and calcium hydroxide can occur; (2) increased solubility of hy-

drated calcium aluminates with decreased concentration of calcium hydroxide,

and hence greater likelihood that the sulfate-aluminate reaction will take

place through solution rather than in the solid state and thus produce less

expansion; (3) decreased tendency of the low-sulfate calcium aluminuiz. -

fate to convert to the high-sulfate form (ettringitc) as the concentration

of calcium hydroxide in solution decreases, due to the higher siilfat- :,'on-

centration required to effect the conversion as such ,errr cs, occurr!

(4) decreased permeability of the concrete with reduced rate of entry of'

sulfate solution; (5) formation of lime-pozzolan reaction product films

that protect the hydrated calcium aluminate; and (6) decomposition of icw~-

pozzolan reaction products by sen water to leave silica -in,d -alumina

which are more stable products.

Satisfactory concret- for nxpoqure to , w,.tr wl j oib.-i1 in

reasonable precautions are followed in the .c: -.. t.. , u % i u.s, ,i"' 'I, i,.! -

rials of which it is c omposed. Th. 19(6' ACI -nri -: ul ir IB..
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requires that concrete that is to be exposed to freezing while wet shall

have a water-cement ratio not exceeding 6 gal per bag and shall contain

entrained air. It references ACI 613-541 for requirements for sea-water

2xposure, table 4 of which requires that water-cement ratios not exceed

4-1/2 gal per bag for thin members and 5 gal per bag for thicker members in

contact with sea water. The cement should meet the requirements for type

II, specifically in that it should not contain more than 8.0 percent tri-

c!lcium aluminate (C3A) as calculated from the chemical analysis. Rein-

forced concrete members should be designed and inspected continuously dur-

ing construction to ensure that no steel is closer than 3 in. from the ex-

poszd faces and 4 in. from corners, unless special precautions are taken to

prevent corrosion.

Special treatments and special materials may, in certain cases, prove

advantageous. Wakeman and his associates have described1 7 the successful

use of asphalt impregnation of precast concrete piling to improve resist-

ance to sea-water exposure. Li has called attention recently to thr

potential benefits of expansive cements for concrete construction in marine

exposures. Portions of his statement are summarized as follows: Concretes

made with expansive cement may be controlled to achieve shrinkage compensa-

tion, resistance to cracking, reduced permeability, and wear resistance.

Such properties may help to render wharf decks crackproof, waterproof, and

hence more wear-resistant. Expansive-cement concrete should furthel en-

hance the resistance to sea water of both reinforced and prestressed ,on-

crete piles for waterfront applications.

Neville14 notes that portland blast-furnace slag rement i,! fr-quntiy

used in sea-water construction be.iuse of the f.iirly high sulfat.,
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resistance of concrete made with it, and that concrete made with aluminous

cement stands up extremely well in sea water. He points out that sea water,

however, should not be used as mixing water when aluminous cements are used.

The performance of portland-cement concrete when used in service in-

volving exposure to sea water has often been excellent, usually adequate,

but sometimes exceedingly poor. It is believed that, when poor performance
r

has occurred, the cause was poor concrete, the inferior naLtu- uf which was

perhaps revealed more rapidly by the somewhat more severe exposure than

might have been the case in a less severe situation. Mention was made

earlier of concrete which has been exposed to Mediterranean Sea water for

2000 years and is in rather good shape.

Examples of Performance of Reinforced
Concrete in Maritime Exposures

Wentworth-Shields described the first maritime reinforced concrete

structure in Great Britain, constructed at Southampton in 1899, and noted

thrit vry few failures have occurred. The 1899 structure was a jetty eon-

sii;ting of a 100- by 40-ft deck on piles. In 3902, Town Qu'uy was built at

Southampton--a reinforced concrete structure 360 by 20 by 3), ft hifyl. A

few years later longitudinal cracks appearel above the mean tide level

'.long lines of reinforcement, due to rusting of steel. Repairs were cvde

with pneumaticatlly applied mortar. The rusting )f the steel has been

rtscribed to the permeability of the concrete, but in the c')se of Town C)upr

,.letrolytie action was, if not the sole cauco, v,.ry importaint ,ortiibu-

tory rause. The ]8 9 9 structure, which is still iit x<'.lint woniti, ,

mad(|, with dry, low watcor-cement ratio uonc:r(.t,-.; th. 90; one w-i.- mqi, with

"rithor wet" mixture.

j4A
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Not only is the first maritime reinforced concrete structure built in

Great Britain still in excellent condition, but most concrete structures in

sea-water exposures are in good condition when good practice was used and

care was taken in their design and construction. For example, the concrete

ship "Atlantus," the first constructed by the U. S. Government, was launched

in 1918. It was brought to Cape May, New Jersey, to serve as a terminal

for a ferry line and in 1927 became stranded on a sancibar. It was in-

spected at various times between 1918 and 1930. A report on its trial run

in 1919 from Brunswick, Georgia, to Charleston, South Carolina, states that

the concrete was "in a practically perfect state of preservation with no

important rust stains visible, although there could be traced in certain

places on the hull the faint markings of hairline cracks which piralleled

the system of reinforcing closest to the outer surface." L. W. Walter in

192918 published a photograph of a specimen of concrete taken from the ship

in 1928 showing the imprint of a square bar 13/16 in., and a round bar

5/16 in. from the outer exposed surface of the concrete, and stated that

the steel 4as not corroded. After an exaiuinaticn of Lhe ship in 1928, it

was reported that a very pronounced rust stain had developed in the bulk-

head enclosing the afterruarters, arid in one spot the bars parallel tc the

deck were clearly outlined for a space of 2 or 3 ft each way. A close

inspection of this area showed that the coveragc of concrete was al-cst

nil. In some places the intended depth of covcra "n war i/h in.; in s:re

cases the actual coverage was less than 1/16 in. A disk of concrete 3 in.

irk diameter an- 0.7 in. thick was cut from a frament coli cted in 192t5,

tested in the laboratory, and found to have very low water permeai ilit,:.13

'limilar inspr, tion r,2,c'orfs h v, b,'n r,,, I on othcr lonr .r,, ships

-j
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built during World War I. The "Selma," now stranded near Galveston, Texas,

was inspected and reported on by Mr. Ralph Rogers at the 1953 Regional

Meeting of the American Concrete Institute. The "Selma" was a tanker,

built in Mobile in 1918, and sunk at Galveston in about 1923. Smsiples of

the concrete tested in 1953 showed a compressive strength of about

10,000 psi. No corrosion of steel was observed even though less than an

inch of cover was provided. Another of these vessels, the "Palo Alto," is

exposed on the Pacific coast at Seacliff Beach State Park, 6 miles south of

Santa Cruz, California, where it is used as a fishing pier. It was built

as a tanker during World War I, and is 435 ft long. It remained anchored

in the Oakland Estuary, where it was built, antil 1930 when the Cal-Nevada

Stock Company purchased it and had it towed to Seacliff on Monterey Bay,

about 100 miles to the south. The sea cocks were opened and it now rests

on a sandstone shelf. It was later acquired by the State of California

when the state park was created. The ship has broken its back, but a gang-

way across the fracture permits both parts to be used. It is probably the

most accessible of the remaining World War I concrete ships.
20

Concluding Statement

The conclusions of the 18th Congress of the Permanent International

Association of Navigation Congresses* a, summarized by Warren 19 are quoted

as a closing statement:

Much useful data on performance of structures exposed to sea water are
contained in the publications of the Permanent International Association
ol iavigati o: Iongresses (General Secretary, 155 rue de la Loi, Brussels,
Belgium); e.g., "Recent evidence and new preventive measures in regard to
dizintegrqtion of mortar and concrete in sea water," M. Rocha, 7
A. Coutinho, and A. Bcja Neves, Proceedings, XVII Congress, Lisbon, 1949
(0.ction II, Communicntion 2, 30 pp).
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"It was agreed that the deterioration of concrete in warm sea water

is mainly due to chemical action, namely, the change in composition of the

cement caused by the chlorides and sulphates present in the water. Little

can be done to protect poor concrete, the remedy being to select a suitable

type of cement and good sound aggregates in the first place, and to take

steps to ensure that the finished product is as dense and impermeable as

possible. In colder water, chemical action is less severe and the main

damage is done by temperature changes. There are other causes of de-

terioration, such as Ibrasion and acids deposited by lithofagous

organisms."
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